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\^ (57) Abstract: It is an object of the present invention to im[nx>ve the mixability of liquid hydrocarbon fuel and hydrogen gas and 
O reduce the number of parts required for fuel supply means that supplies the two types of fuel Disclosed is a hydrogen-fueled in- 

temal combustion engine that uses liquid hydrocarbon fuel and hydrogen gas as fuel. The hydrogen-fueled intemal combustion 
^ engine comprises a fuel injection device for injecting hydrocarbon fiiel; fuel supply means for supplying hydrocaibon fuel to the 

fuel injection device; and a microbubble generation device for generating microbubbles of hydrogen gas and mixing the generated 
^ microbiibbles of hydrogen gas into Hquid hydrocaibcH] fuel in the fuel supply means. The hydrogen gas mioobobbles are supplied, 
1^ for instance, to a foe! supply path (second fuel supply path) and fuel tank, which constitnte the fisd sopi^y means. 
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DBSCRIPTIOM 

Hydrogen -fueled Internal Combustion Engine 

5 Teohnloal Field 

The present Invention relates to a hydrogen -fueled 
Internal combustion engine that uses both hydrocarbon fuel 
and hydrogen gas as fuel. 

10 Background Art 

A certain conventional hydrogen- fueled Internal 
combustion engine supplies hydrocarbon fuel and hydrogen gas 
to a combustion chamber for combustion purposes while a 
regular Internal combustion engine uses gasoline or other 

15 hydrocarbon fuel for combustion purposes. This type of 

hydrogen-fueled Internal ccmibustlon engine uses hydrogen gas 
as fuel in addition to hydrocarbon fuel and improves the 
combustion efficiency by making use of the fast bum and 
other ch€u:acterlstics of the hydrogen gas. Since the 

20 combustion efficiency improves, the air-fuel ratio can be 
shifted toward a leaner region (that Is, the lean limit can 
be raised). a result, it is possible to lower the fuel 
consumption rate and reduce the amounts of NQx (nitrogen 
oxide) esdiaust, THC (total hydrocarbon) exhaust, and the like. 

25 This type of hydrogen -fueled internal combustion engine is 
disclosed, for instance, by the following Patent Documents. 



wo 2006/126341 PCT/JP2006/307880 



Patent Document 1: Japanese Patent Laid -Open No* 
2004*116398 

Patent Document 2: Japanese Patent Lcild -Open No. 
2004-239158 

5 Patent Document 3: Japanese Patent Laid -Open No. 

2003- 293809 

Patent Document 4: Japanese Patent Laid -Open No. 

2004- 100501 

10 Dlsolosnre of the Invention 

In the above conventional hydrogen -fueled IntemsU. 
combustion engine, however, the liquid hydrocarbon £uel Is 
Injected Into an Intake path or the combustion chamber via 
fuel supply means such as a fuel Injection device, a fuel 

15 delivery pipe or fuel supply path dedicated to the 

hydrocarbon fuel. The hydrogen gas Is Injected Into the 
Intake path or the combustion chamber via hydrogen gas supply 
means such as a fuel Injection device, a fuel delivery pipe 
or fuel supply path dedicated to the hydrogen gas. In the 

20 conventional hydrogen -fueled Internal combustion engine, the 
two types of fuel are Injected via separate paths as 
described above. Therefore, the liquid hydrocarbon fuel and 
hydrogen gas are not readily mixed in the combustion chamber 
in a uniform manner. Further, a large amount of hydrogen gas 

25 cannot be mixed Into the hydrocarbon fuel so that the primary 
object of Improving the combustion efficiency by hydrogen gas 
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addition Is not fully accomplished. In other words, when the 
hydrocarbon fuel and hydrogen gas are separately injected as 
in the conventional hydrogen -fueled internal combustion 
engine, the hydrocarbon fuel and hydrogen gas caimot be mixed 
5 properly. As a result, the combustion efficiency does not 
adequately in^rove. 

Further, the two types of fuel are supplied via 
separate paths in the above conventional hydrogen-fueled 
internal combustion engine. Therefore, each type of fuel 

10 requires the use of a dedicated fuel injection device. 
Consequently, the number of required parts increases to 
degrade mountability and raise the production cost. 

A first object of the present invention is to provide 
a hydrogen -fueled internal combustion engine that can solve 

15 the above problem with the conventional hydrogen -fueled 

internal combustion engine, mix the liquid hydrocarbon fuel 
and hydrogen gas in an excellent manner, and reduce the 
number of parts required for the fuel supply means for the 
two types of fuel. 

20 In accomplishing the above object, according to a 

first aspect of the present invention, there is provided a 
hydrogen -fueled internal combustion engine that uses liquid 
hydrocarbon fuel and hydrogen gas as fuel, the hydrogen- 
fueled internal combustion engine comprising: a fuel 

25 injection device for injecting the hydrocarbon fuel; fuel 
supply means for supplying the hydrocarbon fuel to the fuel 
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Injection device; and a mlcrobubble generation device for 
generating mlcrobubbles of hydrogen gas and mixing the 
generated mlcrobubbles of hydrogen gas into the liquid 
hydrocarbon fuel in the fuel supply means. 
5 The first aspect of the present invention mixes the 

liquid hydrocarbon fuel and hydrogen gas before they reach 
the fuel injection device. Therefore, the mixability of 
hydrocarbon fuel and hydrogen gas is better than when they 
are separately injected and fed into the combustion chamber. 

10 Further, mlcrobubbles of hydrogen gas are mixed into the 

hydrocarbon fuel. Therefore, a large amount of hydzrogen gas 
can be mixed into the hydrocarbon fuel so that the mixability . 
of hydrocarbon fuel and hydrogen gas improves. It should 
clLso be noted that the fuel injection device, fuel delivery 

15 pipe, and the like can be shared by the two types of fuel. 

According to a second aspect of the present invention, 
there is provided the hydrogen-fueled internal combustion 
engine as described in the first aspect, wherein the 
mlcrobubble generation device is positioned so as to add 

20 mlcrobubbles of hydrogen gas to hydrocarbon fuel in a fuel 
supply path that constitutes the fuel supply means. 

The second aspect of the present invention provides 
the. same advantages as the first aspect in accordance with 
the operating state. More specifically, if the addition of 

25 hydrogen gas should be avoided depending on the operating 

state, combustion can be based on hydrocarbon fuel only. On 
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the other hand, if the addition of hydrogen gas is needed, 
microbubbles of hydrogen gas can be mixed into the 
hydrocarbon fuel so that the mixability of the two types of 
fuel improves as is the case with the first aspect of the 
5 present invention. 

According to a third aspect of the present invention, 
there is provided the hydrogen -fueled internal combustion 
engine as described in the first or second aspect, wherein 
the microbubble generation device is positioned so as to add 

10 microbubbles of hydrogen gas to hydrocarbon fuel in a fuel 
tank that constitutes the fuel supply means. 

When microbubbles of hydrogen gas are to be mixed into 
only the hydrocarbon fuel in the fuel temk, the third aspect 
of the present invention provides the same . advsintages as the 

15 first aspect. On the other hand, when microbubbles of 

hydrogen gas are to be mixed into both the hydrocarbon fuel 
in the fuel tank and the hydrocarbon fuel in the fuel supply 
path, an increased amount of hydrogen gas can be added for 
mixing purposes. . Therefore, it is possible to further 

20 improve the mixability of hydrocarbon fuel and hydrogen gas. 

However, if an excessive amount of hydrogen gas is 
mixed into the liquid fuel, the hydrogen gas may separate 
from the. hydrocarbon fuel before injection from the fuel 
injection device. The fuel injection amount is adjusted by 

25 varying the vcLLve opening time of the fuel injection device. 
However, if the hydrogen gas is separated from the 
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hydrocarbon fuel, the relationship between the valve opening 
time and fuel Injection amount Is Impaired so that a desired 
fuel Injection amount may not be obtained. Further, the 
separated hydrogen gas Increases the pressure In the fuel 
5 piping. Therefore, It Is necessary that the fuel piping have 
high pressure tightness. 

Under the above circumstances, a second object of the 
present Invention Is to provide a hydrogen-fueled Internal 
combustion engine that can mix an Increased amount of 
10 hydrogen gas Into hydrocarbon fuel without allowing already- 
mixed hydrogen gas to separate from the hydrocarbon fuel. . 

In accomplishing the above object, according to a 

* 

fourth aspect of the present Invention, there Is provided the 
hydrogen -fueled Internal combustion engine as described In 

15 the first, second, or third aspect, further coniprlslng: 

hydrogen addition amount determination means for determining 
the amount of hydrogen gas to be mixed Into hydrocarbon fuel 
by the mlcrobubble generation device In accordance with the 
operating state of the Internal combustion engine and the 

20 pressure and/or the temperature of hydrocarbon fuel. 

Since mlcrobubbles of hydrogen gas are mixed Into 
hydrocarbon fuel. It Is possible to facilitate the solution 
of hydrogen gas In the hydrocarbon fuel. Even If the amount 
of hydrogen gas supply exceeds the hydrogen saturation amotint, 

25 the hydrogen gas can uniformly exist In the hydrocarbon .fuel 
without separating from the hydrocarbon fuel as far as the 
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amount of hydrogen gas supply does not exceed a certain level. 
The amount of hydrogen gas that can dissolve in the 
hydrocarbon fuel and the amount of hydrogen gas that can 
exist in the hydrocarbon fuel as mlcrobubbles without 
5 separating from the hydrocarbon fuel are dependent on the 
pressure and temperature of the hydrocarbon fuel. 

The fourth aspect of the present dLnvention determines 
the hydrogen gas addition amount in consideration of the 
operating state of the internal combustion engine and the 

10 pressure and/ or temperature of the hydrocarbon fuel. 

Therefore, an increased amount of hydrogen gas can be mixed 
Into the hydrocarbon fuel without allowing the already-mixed 
hydrogen gas to separate from the hydrocarbon fuel at the 
current pressure and temperature of the hydroceurbon fuel. 

15 In accomplishing the above object, according to a 

fifth aspect of the present invention, there is provided the 
hydrogen- fueled internal combustion engine as described in 
the first, second, or third aspect, further comprising: 
hydrogen addition amount determination means for determining 

20 the amount of hydrogen gas to be mixed into hydrocarbon fuel 
by the microbubble generation device in accordance with the 
operating state of the internal combustion engine; and 
control means for controlling, the pressure and/or the 
temperature of liquid fuel to be supplied to the fuel 

25 injection device in accordance with a hydrogen gas addition 
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amount that Is determined by the hydrogen addition amount 
detenalnation means. 

The fifth aspect of the present Invention controls the 
pressure and/or temperature of hydrocarbon fuel In accordance 
5 with the hydrogen gas addition amount. Therefore, It Is 
possible to prevent hydrogen gas from sepciratlng from the 
hydrocarbon fuel after hydrogen gas addition to the 
hydrocarbon fuel, the amount of necessary hydrogen gas 
addition being determined In accordance with the operating 

10 state of the Internal combustion engine. 

According to a sixth aspect of the present Invention, 
there Is provided the hydrogen- fueled Internal combustion 
engine as described In the first, second, third, fourth, or 
fifth aspect, further coniprlslng hydrogen generation means 

15 for generating hydrogen gas from a liquid hydrogen compound, 
herein the hydrogen generation means generates only the 
amount of hydrogen gas to be mixed Into hydrocarbon fuel by 
the mlcrobubble generation device. 

The sixth aspect of the present Invention generates 

20 only the amount of hydrogen gas to be mixed Into hydrocarbon 
fuel from a liquid hydrogen compound. Therefore, the range 
for handling hydrogen In a gaseous state Is reduced. In 
addition. It Is not necessary to use a hydrogen gas storage 
device. Consequently, the system configuration can be 

25 simplified. 



wo 2006/126341 PCT/JP2006/307880 

9 

The hydrogen -fueled Internal combustion engine 
according to the present invention enhances the mixability of 
liquid hydrocarbon fuel and hydrogen gas. Therefore, when 
hydrogen gas is added, the combustion efficiency greatly 
5 Improves so that the lean limit can be remarkably raised. 
Consequently, the hydrogen-fueled internal combustion engine 
according to the present invention c£ui greatly reduce the 
fuel consumption rate and NQx esdiaust amount. Further, since 
the fuel injection device, fuel delivery pipe, and like 
10 device are shared by two types of fuel in order to mix the 
liquid hydrocarbon fuel and hydrogen gas beforehand, the 
necessity for furnishing each of the two types of fuel with 
such devices is obviated. As a result, the number of 
required parts can be reduced. 

15 

Brief Desarlptlon of Drawings 

Fig. 1 illustrates the configuration of the hydrogen- 
fueled internal combustion engine according to a first 
embodiment of the present invention; 
20 Fig. 2 is a flowchart illustrating a typical operation 

that is performed by the hydrogen-fueled internal combustion 
engine according to the first embodiment; 

Fig. 3 illustrates the configuration of the hydrogen- 
fueled internal combustion engine according to a second 
25 embodiment of the pzresent Invention; 
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Pig. 4 Illustrates the configuration of the hydrogen- 
fueled Internal combustion engine according to a third 
embodiment of the present Invention; 

Fig. 5 Is a flowchart Illustrating a typical operation 
5 that Is performed by the hydrogen -fueled Internal combustion 
engine according to the third embodiment; 

Fig. 6 Illustrates the configuration of the hydrogen- 
V fueled Internal combustion engine according to a fourth 
embodiment of the present Invention; and 
Id Fig. 7 Is a flowchart Illustrating a typical operation 

that Is performed by the hydrogen-fueled Internal combustion 
engine according to the fourth embodiment. 

Best Mode for Carrying Oat the Invention 

15 Preferred embodiments of the hydrogen-fueled Internal 

combustion engine according to the present Invention will now 
be described In detsLLl with reference to the accoinpanylng 
drawings. However, It should be understood that the present 
Invention Is not limited to the preferred embodiments. 

20 

First Embodiment 

A first embodiment of the hydrogen- fueled Internal 
combustion engine according to the present Invention will now 
be described with reference to Figs. 1 and 2. 
25 First of all, the configuration of the hydrogen-fueled 

Internal combustion engine according to the first embodiment 



wo 2006/126341 



11 



PCT/JP2006/307880 



Will be described wltb reference to Fig. 1. The reference 
numeral 1 In Fig. 1 denotes the hydrogen -fueled Internal 
* combustion engine according to the first embodiment. 
Although the figure shows only one cylinder, the present 
5 Invention can also be applied to a multlcyllnder hydrogen- 
fueled Internal combustion engine no matter whether It Is, 
for Instance, of Inline type or V type. 

As shown In Fig. 1, the hydrogen -fueled Internal 
combustion engine 1 according to the first embodiment 

10 comprises a cylinder head 3, ^Ich supplies air and fuel to a 
combustion chamber 2 and discharges burned Intra- cylinder gas 
from the combustion chamber 2; a cylinder block 5, which Is 
bolted down or otherwise fastened to the underside of the 
cylinder head 3 via a head gasket 4; and a piston 6, which Is 

15 positioned In a cylinder bore 5a of the cylinder block 5 and 
can reciprocate vertically. The combustion chamber 2 Is 
formed by a space that Is enclosed by the wall surface of a 
concave 3a, which Is formed In the underside of the cylinder 
head 3, the wall surface of the cylinder bore 5a, and the top 

20 face 6a of the piston 6. 

As shown In Fig. 1, the cylinder head 3 according to 
the first embodiment Is provided with at least one Intake 
path 3b and at least one exhaust path 3c. The Intake path^ 3b 
and exhaust path 3c are open to the combustion chamber 2. 

25 The Intake path 3b .Is provided with an Intake valve 7, which 
opens/doses the path to the combustion chamber 2. When the 
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intake valve 7 opens, air is taken into the combustion 
chamber 2 from the intake path 3b. The exhaust path 3c is 
provided with an exhaust valve 8, which opens/closes the path 
to the combustion chamber 2. When the esdiaust valve 8 opens, 
5 burned intra-cylindBr gas is discharged from the combustion 
chamber 2 to the exhaust path 3c. 

The amount of air that is taken into the combustion 
chamber 2 (intake air amount) is adjusted by v£Lr7ing the 
open/dose angle of a throttle valve 10 that is provided in 
10 an intake manifold 9, which communicates with the intake path 
3b of the cylinder head 3. The throttle valve 10 is opened 
and closed by a throttle valve actuator 11, which is shown in 
Pig- 1. 

The cylinder head 3 is provided with a fuel injection 
15 device 12, which injects the fuel to be supplied to the 

combustion chamber 2, and an ignition plug 13, which ignites 
an air-fuel mixture that is supplied to the combustion 
chamber 2. In the hydrogen-fueled internal combustion engine 
1 according to the first embodiment, the fuel injection 
20 device 12 injects fuel into the Intake path 3b. The fuel is 
then mixed with air, introduced into the combustion chamber 2 
via the intake path 3b, and ignited by the ignition plug 13. 

The operations of the above-mentioned throttle valve 
actuator 11, fuel injection device 12, and ignition plug 13 
25 are controlled by an electxx>nic control unit (ECU) 14, which 
is shown in Fig. 1. 
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For example, the electronic control unit 14 determines 
the Intake air amount and fuel Injection amount from prepared 
map data In accordance with a torque that Is required by the 
hydrogen -fueled Internal combustion engine 1. The electronic 
5 control unit 14 controls the throttle valve actuator 11 to 
adjust the valve opening angle of the throttle valve 10 for 
the purpose of obtaining the determined Intake air amount. 
The electronic control unit 14 also controls the fuel 
Injection device 12 to obtain the determined fuel Injection 

10 amount* Therefore, air Is Introduced Into the Intake path 3b 
In accordance with the determined Intake air amount and fuel 
Injection occurs In accordance with the determined fuel 
Injection amount. When the Intake valve 7 subsequently opens, 
a mixture of the air and fuel Is taken Into the combustion 

15 chamber 2. Afterwards, the electronic control unit 14 

controls the ignition plug 13 to Ignite the air-fuel mixture 
In accordance with Ignition timing that matches the required 
torque. This causes the hydrogen -fueled Internal combustion 
engine 1 to output the required torqpie. 

20 If a variable valve mechanism Is furnished so that the 

open/close time and lift amount of the Intake valve 7 and 
esdiaust valve 8 are adjusted as needed In accordance with the 
operating conditions of the Internal combustion engine 1, the 
operation of the variable valve mechanism Is also controlled 

25 by the electronic control unit 14. 
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The hydrogen -fueled Internal combustion engine 1 
according to the first embodiment uses two types of fuel for 
combustion purposes: hydrocarbon fuel (gasoline Is 
exemplified In conjunction with the first embodiment) and 
5 hydrogen gas. The method for supplying these two types of 
fuel to the combustion chamber 2 will be described In detail 
below* 

In the hydrogen -fueled Internal combustion engine 1 
according to the first embodiment, the aforementioned fuel 

10 Injection device 12 Is used to Inject the two types of fuel 
(hydrocarbon fuel and hydrogen gas) Into the intake path 3b. 
It is therefore necessary that the two types of fuel need to 
be mixed before being fed to the fuel Injection device 12. 
Before the two types of fuel are fed into the fuel 

15 injection device 12, the hydrocarbon fuel is in a liquid 
state whereas the hydrogen gas is in a gaseous state. 
Therefore , when the hydrocarbon fuel and hydrogen gas are 
mixed, hydrogen gas bubbles exist in the liquid hydrocarbon 
fuel. 

20 In general, normal bubbles in a liquid rise to the 

surface at a high speed and unite or absorb the other. 
Therefore, when a large amount of hydrogen gas is mixed into 
the liquid hydrocarbon fuel, large hydrogen gas bubbles are 
formed in the hydrocarbon fuel due to union or absorption. 

25 If a mixture of such large hydrogen gas bubbles and 

hydrocarbon fuel is supplied as is to the fuel injection 
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device 12, the Injection of hydrogen gas only and the 
Injection of hydrocarbon fuel only may intermittently 
alternate. If such a situation occurs, the hydrogen -fueled 
internal combustion engine 1 becomes meaningless because it 
5 cannot achieve its primary object. More specifically, the 
hydrogen-fueled internal combustion engine 1 cannot 
simultaneously bum the hydrocarbon fuel and hydrogen gas as 
fuel, for instance, to raise the lean limit. 

As such being the case, it is preferred that large 

10 hydrogen gas bubbles be not formed within the hydrocarbon 
fuel. To prevent large hydrogen gas bubbles from being 
formed, it is necessary to reduce the amount of hydrogen gas 
addition to the liquid hydrocarbon fuel. If the hydrogen gas 
addition amount is reduced, the hydrogen gas bubbles do not 

15 become large before they reach the fuel injection device 12 
even when the hydrogen gas bubbles unite or absorb the other. 
However, if the amount of hydrogen gas addition to the liquid 
hydrocarbon fuel is excessively small, the hydrogen-fueled 
internal combustion engine 1 cannot achieve its primary 

20 object. 

In addition to the above-mentioned normal bubbles, 
mlcrobubbles , which have a smaller diameter than the normal 
bubbles, are also known as bubbles. The characteristics of 
the mlcrobubbles are described below. 
25 Firstly, the mlcrobubbles in a llc[uld rise to the- 

surface at a low speed and do not unite or absorb the other. 
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Therefore, the mlcrobubbles can stay In a liquid as 
Individual bodies of gas for a long period of time. 

Secondly, the mlcrobubbles have a large surface area 
per unit volume. Therefore, the mlcrobubbles dissolve In the 
5 liquid, become smaller, and eventually vanish. In other 
words, the mlcrobubbles readily dissolve In a liquid. 

Thirdly, the mlcrobubbles pressurize themselves due to 
surface tension a. The Increase In the pressure Is In 
Inverse proportion to the diameter D of a bubble as Indicated 

10 In Equation (1) below. Therefore, the Internal pressure PI 
Increeises with a decrease In the diameter of a bubble. 
Consequently, the pressure difference AP between the bubble 
Internal pressure PI and external pressure P2 Increases. 
AP = 4a/D (1) 

15 As described above, the mlcrobubbles have three 

charactcurlstlcs . When the hydrogen gas Is In the form of 
mlcrobubbles, an Increased amount of hydrogen gas can be 
mixed Into the liquid hydrocarbon fuel. Further, the 
Increased amount of hydrogen gas can exist In the liquid 

20 hydrocarbon fuel for a long period of time. 

Thus, the first embodiment Is configured so that 
mlcrobubbles of hydrogen gas are mixed Into the liquid 
hydrocarbon fuel at a stage before the fuel Is fed to the 
fuel Injection device 12. The stage before the fuel Is fed 

25 to the fuel Injection device 12 Is a stage In which the fuel 
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Is In fuel supply means 15, which Is shown In Fig. 1 and 
supplies the fuel to the fuel Injection device 12. 

As shown In Fig. 1, the fuel supply means 15 according 
. to the first embodiment comprises a fuel tank 15a for storing 
5 the liquid hydrocarbon fuel; a fuel pump 15c for drawing the 
hydrocarbon fuel from the fuel tank 15a via a first fuel 
supply path 15b, applying a predetermined pressure to the 
hydrocarbon fuel, and forwarding the pressurized hydrocarbon 
fuel; and a second fuel supply path 15d for Introducing the 

10 fuel, which Is supplied from the fuel punip 15c, to the fuel 
dLnjectlon device 12. The operation of the fuel pump 15c Is 
controlled by the electronic control unit 14 In accordemce 
with the operating state of the hydrogen -fueled Internal 
combustion engine 1. 

15 A multlcyllnder hydrogen- fueled Internal combustion 

engine 1 having a plurality of combustion chambers 2 will now 
be described. The cylinder head 3 Is provided with intake 
paths 3b for the combustion chambers 2. Each Intake path 3b 
Is provided with the fuel Injection device 12. Therefore, 

20 the fuel supply means 15 according to the first embodiment 

also Includes a fuel delivery pipe 15e that receives the fuel 
from the second fuel supply path 15d and supplies the 
received fuel to each fuel Injection device 12 at a constant 
pressure. 
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The liquid hydrocarbon fuel stored In the fuel tank 
15a is supplied to each fuel injection device 12 by the fuel 
supply meeuis 15. 

Meanwhile, the hydrogen gas, which is another fuel and 
5 in the form of microbubbles , is mixed into the liquid 

hydrocarbon fuel that exists in one of the components of the 
fuel supply means 15, which comprises the fuel tank 15a, 
first fuel supply path 15b, fuel pump 15c, second fuel supply 
path 15d, and fuel delivery pipe 15e as described earlier. 

10 To add the hydrogen gas in the form of microbubbles , the 

first embodiment includes a microbubble generation device 16 
that is shown in Fig. 1. The microbubble generation device 
16 forms microbubbles of hydrogen gas. For example, 
microbubbles having a diameter between several micrometers 

15 and several tens of micrometers are currently known. The 

first embodiment uses a microbubble generation device 16 that 
generates hydrogen gas microbubbles. 

A case where hydrogen gas addition occurs between the 
fuel punip 15c and each fuel injection device 12 will now be 

20 described as an example. If hydrogen gas is supplied to the 
fuel pump 15c or fuel delivery pipe 15e, their functions 
(punqping function and pressure stabilization function) may be 
impaired. Therefore, microbubbles of hydrogen gas are 
supplied to the second fuel supply path 15d with the second 

25 fuel supply path 15d connected to the microbubble generation 
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device 16 or with the mlcrobubble generation device 16 
provided for the second fuel supply path 15d. 

The mlcrobubble generation device 16 according to the 
first embodiment may use ajiy mlcrobubble generation method as 
5 far as It generates mlcrobubbles of hydrogen gas. Typical 
mlcrobubble generation methods will now be described below. 

For example, the mlcrobubble generation device 16 may 
blow hydrogen gas Into a strong swirling flow to divide 
hydrogen gas bubbles Into mlcrobubbles. When such a method 
10 Is used, two swirling flows of hydrogen gas and liquid are 
generated at the center of the mlcrobubble generation device 
16 to provide the rotation axis section with an empty space. 
Further, the empty space Is turned Into a tornado to generate 
a strong shearing force for cutting and smashing the drawn 
15 hydrogen gas. 

Further, the mlcrobubble generation device 16 may use 
another method In which the hydrogen gas Is pressurized so 
that an Increased amoimt of hydrogen gas is dissolved In the 
liquid. Cavitation Is then Invoked, for Instance, by raising 
20 the flow velocity of the liquid. 

Furthermore, the mlcrobubble generation device 16 may 
use still another method In which hydrogen gas bubbles are 
ultrasonlcally vibrated to generate mlcrobubbles. 

When the mlcrobubble generation device 16 uses the 
25 above typical mlcrobubble generation methods, the 

mlcrobubbles cannot be generated unless the hydrogen gas Is 
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supplied to the mlcrobubble generation device 16. Therefore, 
the first embodiment Includes hydrogen gas supply means 17, 
which Is shown In Fig. 1 and used to supply the hydrogen gas 
to the mlcrobubble generation device 16. 
5 As shown In Fig. 1, the hydrogen gas supply means 17 

Includes a hydrogen fuel tank 17a for storing compressed, 
high-pressure hydrogen gas; a hydrogen fuel pump 17b for 
drawing the hydrogen gas from the hydrogen fuel tank 17a, 
applying a predetermined pressure to the hydrogen gas, euid 

10 pumping out the hydrogen gas; and a hydrogen gas supply path 
17c for receiving the hydrogen gas delivered from the 
hydrogen fuel pump 17b and Introducing the hydrogen gas Into 
the mlcrobubble generation device 16. 

The hydrogen gas supply means 17 also Includes a 

15 hydrogen gas flowmeter 17d for detecting the hydrogen gas 
flow rate In the hydrogen gas supply path 17c to which the 
hydrogen gas Is delivered from the hydrogen fuel pump 17b. A 
detection signal generated by the hydrogen gas flowmeter 17d 
Is sent to the electronic control unit 14. 

20 The electronic control unit 14 supplies mlcrobubbles 

of hydrogen gas to the second fuel supply path 15d by driving 
the hydrogen fuel pump 17b In accordance with the operating 
state of the hydrogen- fueled Internal combustion engine 1 and 
driving the mlcrobubble generation device 16 to which the 

25 hydrogen gas Is supplied from the driven hydrogen fuel pump 
17b. 
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As describe^ above, the hydrocarbon fuel and hydrogen 
gas are mixed at a stage before the fuel Injection device 12 
is reached. Therefore, the mixability of hydrocarbon fuel 
and hydrogen gas is better than when they are separately 
5 injected and fed into the combustion chamber 2. Further, 

since microbubbles of hydrogen gas are mixed into the liquid 
hydrocarbon fuel, a large amotint of hydrogen gas can be mixed 
into the hydrocarbon fuel. Therefore, the hydrogen- fueled 
internal combustion engine 1 according to the first 

10 embodiment can supply an increased amount of hydrogen gas. to 
the combustion chamber 2, greatly improve the combustion 
efficiency, and operate in a leaner air- fuel ratio region 
than the conventional counterpart. In other words, the 
hydrogen-fueled internal combustion engine 1 according to the 

15 first embodiment can considerably rcd.se the lean limit by 
premixing the liquid hydrocarbon fuel and hydrogen gas 
microbubbles. This msdces it possible to greatly reduce the 
fuel consumption rate and NQx exhaust amount* 

When the hydrogen fuel pump 17b is to be driven, it is 

20 preferred that control be exercised in consideration of the 
rate of a hydrocarbon fuel flow in the second fuel supply 
path 15d. The amount of possible hydrogen gas microbubble 
addition to a cert€d.n amount of hydrocarbon fuel is limited. 
If an excessive, amount of hydrogen gas microbubbles is 

25 supplied, it will b.e wasted. It is therefore preferred that 
the hydrogen fuel pump 17b be driven without exceeding the 
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^ limit for the hydrogen gas microbubble supply amounts 

Consequently, the electronic control unit 14 determines the 
limit for hydrogen gas microbubble addition in accordance 
with the rate of a hydrocarbon fuel flow in the second fuel 
5 supply path 15d, and drives the hydrogen fuel pump 17b 
without exceeding the limit while observing the value 
detected by the hydrogen gas flowmeter 17d. 

In the above instance, the hydrocarbon fuel flow rate 
can be detected by furnishing the second fuel supply path 15d 

10 with a flowmeter. However, the detected flow rate is 
substantially proportional to the controlled variable 
(driving force) for the fuel pismp 15c. Therefore, the 
hydrocarbon fuel flow rate may be determined from the 
controlled variable for the fuel pump 15c. Further, map data 

15 defining the relationship between the hydrocarbon fuel flow 
rate or fuel pump controlled variable and the mlxable 
hydrogen gas microbubble supply amount limit in accordance 
with the flow rate or the controlled variable (that is, the 
controlled variable for the hydrogen fuel pump 17b) Is 

20 prepared, and the hydrogen fuel pxmp 17b is driven in 
accordance with the prepared map data. 

As described above, the hydrogen -fueled intemcLL 
combustion engine 1 according to the first embodiment 
premixes the liquid hydrocarbon fuel and hydrogen gas 

25 microbubbles on . the upstream side of the fuel injection • 
device 12. Therefore, the hydrogen-fueled internal 
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combustion engine 1 according to the first embodiment can 
Improve the combustion efficiency to raise the lean limit and 
greatly reduce the fuel consumption rate and NOx exhaust 
amount, as described above. 
5 Further, the hydrogen -fueled Internal combustion 

engine 1 according to the first embodiment can reduce the 
number of required parts by premlxlng the liquid hydrocarbon 
fuel and hydrogen gas mlcrobubbles • More specifically, the 
hydrogen-fueled Internal combustion engine 1 according to the 

10 first embodiment does not require the conventional hydrogen 
gas equipment such as a fuel Injection device, fuel delivery 
pipe, and fuel supply path that are dedicated to hydrogen gas 
(which corresponds to the second fuel supply path 15d) , and 
allows the two tjpes of fuel to share the fuel Injection 

15 device 12, second fuel supply path 15d, and fuel delivery 

pipe 15e. This makes It possible to loiprove the mount ability 
of various parts and reduce the production cost. 

A typical operation that Is performed by the hydrogen- 
fueled Internal combustion engine 1 according to the first 

20 embodiment will now.be described with reference to a 
flowchart In Fig. 2. 

FdLrst of all, the electronic control unit 14 
calculates the torque required by the hydrogen-fueled 
Internal combustion engine 1 In accordance with the engine 

25 speed and accelerator opening of the hydrogen -fueled Internal 
combustion engine 1 (step STl). For example, the required 
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torque is determined from prepared map data that Includes the 
engine speed and accelerator opening as parameters. 

Subsequently, the electronic control unit 14 detects 
the operating state In accordance with the engine speed, 
5 accelerator opening, air-fuel ratio, and the like, and Judges 
whether hydrogen gas should be supplied (step ST2). If, for 
Instance, .It Is detected that the engine Is operating under 
low or medium load and at a theoretical or lean air-fuel 
ratio, the electronic control unit 14 judges that hydrogen 

10 gas should be supplied. If, on the other hand. It Is 

detected that the engine Is operating under high load, the 
electronic control unit 14 Judges that hydrogen gas should 
not be supplied. 

When the electronic control unit 14 Judges that 

15 hydrogen gas should be supplied, prepared map data Is used to 
determine the Intake air amount and the fuel Injection 
amounts of hydrocarbon fuel and hydrogen gas In accordance 
with the required torque calculated In step STl ( step ST3 ) . 
When the fuel Injection amounts of hydrocarbon fuel and 

20 hydrogen gas are to be determined, the prepared map data Is 
used to calculate the mixing ratio between the hydrocarbon 
fuel and hydrogen gas In accordance with the operating state 
detected In step ST2, and determine the fuel Injection 
amounts In accordance with the calculated mixing ratio. 

25 The electronic control unit 14 drives the hydrogen 

fuel pvimp 17b and mlcrobubble generation device 16 In such a 
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maimer to obtain the calculated mixing ratio, and mixes 
microbubbles of a large amount of hydrogen gas into the 
hydrocarbon fuel in the second fuel supply path 15d (step 
ST4). 

5 Subsequently, the electronic control unit 14 drives 

the throttle valve actuator 11 to adjust the valve opening 
angle of the throttle valve 10 for the purpose of obtaining 
the intake air amount determined in step ST3, and drives the 
fuel injection device 12 in such a maimer as to obtain the 

10 determined fuel injection amounts (step ST5). 

Air is then introduced into the intake path 3b in 
accordance with the determined intake air amount. Further, a 
fuel mixture of hydrocarbon fuel and hydrogen gas is injected 
in accordance with the determined fuel injection amounts. 

15 When the intake valve 7 opens, an air-fuel mixture of the 

introduced air and injected hydrocarbon fuel and hydrogen gas 
is drawn into the combustion chamber 2. 

Subsequently, the electronic control unit 14 exercises 
ignition control over the ignition plug 13 to ignite the air- 

20 fuel mixture in accordance with the ignition timing that 
matches the required torque ( step ST6 ) , and causes the 
hydrogen-fueled internal combustion engine 1 to output the 
required torque. 

On the other hand, when the electronic control unit 14 

25 judges that hydrogen gas should not be supplied, the prepared 
map data is used to determine the intake air amount and the 
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fuel inj^cstlon amount of hydrocarbon fuel In aocordanoe with 
the required torque calculated In step STl (step ST7). 

In step ST5, the electronic control unit 14 drives the 
throttle valve actuator 11 to adjust the valve opening angle 
5 of the throttle valve 10 for the purpose of obtaining the 
determined Intake air amount, and drives the fuel Injection 
device 12 in such a manner as to obtain the determined fuel 
Injection amount. 

Air is then Introduced Into the Intake path 3b in 

10 accordance with the determined Intake air amount. Further, 
the hydrocarbon fuel Is Injected In accordance with the 
determined fuel injection amount. When the Intake valve 7 
opens, an air- fuel mixture of the Introduced air and Injected 
hydrocarbon fuel Is drawn into the combustion chamber 2 . 

15 Subsequently, in step ST6, the electronic control unit 

14 causes the ignition plug 13 to Ignite the air-fuel mixture, 
in accordance with the ignition timing that matches the 
required torque, and causes the hydrogen-fueled internal 
combustion engine 1 to output the required torque. 

20 The above operation example deals with a case \diere 

the mixing ratio between the hydrocarbon fuel and hydrogen 
gas is detexmined in accordance with the operating state. In 
such a case, the maximum mixable amount of hydrogen gas or a 
smaller amount of hydrogen gas may be mixed with the liquid 

25 hydrocarbon fuel. .The selective use of these two modes . 
depends on the operating state. For precise combustion 
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control purposes, the hydrogen gas addition amount for mixing 
should be controlled by selectively using either of the above 
two modes. 

However, some hydrogen -fueled internal combustion 
5 engines 1 do not require such a selective use* In some cases, 
if the amount of hydrogen gas addition is reduced, the 
hydrogen -fueled internal combustion engine 1 might better be 
operated using only the hydrocarbon fuel from the viewpoint 
of emission performance and the like. Therefore, when the 

10 hydrogen-fueled internal combustion engine 1 requires the 
supply of hydrogen gas, the maximum mixable amount of 
hydrogen gas is always supplied and mixed with the liquid 
hydrocarbon fuel. 

Although the first embodiment assumes that 

15 microbubbles having a diameter between several micrometers 

and several tens of micrometers are used, microbubbles having 
a diameter of not more than 1 micrometers maj be used 
alternatively* The microbubbles having a diameter of not 
more than 1 micrometer are called nanobubbles. When 

20 nanobubbles of hydrogen gas are added to the liquid 

hydrocarbon fuel, a larger amount of hydrogen gas can be 
mixed with the hydrocarbon fuel theui when microbubbles are 
used. This makes it possible to further improve the 
combustion efficiency, thereby further raising the lean limit 

25 and greatly reducing the fuel consustption rate and NQx 
exhaust amount. 
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The aforementioned hydrogen fuel tank 17a may store 
hydrogen gas through the use of a hydrogen storing alloy or 
hydrogen absorbing material. An alternative Is to furnish a 
hydrogen generation device, which generates hydrogen gas by 
5 means of steam reforming of methanol, gasoline, or the like, 
liquid fuel reforming based on plasma discharge, or 
mlcroch€Uinel catalytic reforming, and operate the hydrogen 
generation device to supply hydrogen gas to the mlcrobubble 
generation device 16 • Another sLLtematlve Is to generate 

10 hydrogen gas by separating hydrogen with an organic hydride. 
Further, If the mlcrobubble generation device 16 can generate 
hydrogen gas from liquid hydrogen and form hydrogen gas 
mlcrobubbles , the aforementioned hydrogen fuel tank 17a may 
be filled with liquefied hydrogen. 

15 The first embodiment also assumes that the fuel 

Injection device 12 Injects fuel (hydrocarbon fuel and 
hydrogen gas) Into the Intake path 3b. Alternatively, 
however, the fuel Injection device 12 may Inject the fuel 
directly Into the combustion chamber 2. In other words, the 

20 technology according to the present Invention, ^AuLch has been 
described above, can also be applied to a so-called Intra- 
cyllnder direct injection Internal combustion engine that 
uses hydrocarbon fuel and hydrogen gas. 



9 



wo 2006/126341 PCT/JP2006/307880 

29 

Second Embodiment: 

A second embodiment of the hydrogen -fueled internal 
combustion engine according to the present Invention will now 
be described with reference to Fig. 3. 
5 First of all, the configuration of the hydrogen- fueled 

Internal combustion engine according to the second embodiment 
will be described. The reference numeral 20 in Fig. 3 
denotes the hydrogen- fueled internal combustion engine 
according to the second embodiment. Although the figure 

10 shows only one cylinder, the present invention can also be 
applied to a multlcyllnder hydrogen -fueled Internal 
combustion engine no matter whether it is, for instance, of 
Inline type or V type. 

The hydrogen-fueled internet, combustion engine 20 

15 according to the second embodiment mixes a larger amount of 
hydrogen gas into the liquid hydrocarbon fuel than the 
hydrogen- fueled Internal combustion engine 1 according to the 
first embodiment. More specifically, the hydrogen- fueled 
internal combustion engine 20 according to the second 

20 embodiment is configured so that mlcrobubbles of hydrogen gas 
are mixed into the liquid hydrocarbon fuel stored in the fuel 
tank 15a as well. 

To achieve the above purpose, the second embodiment 
Includes a second microbubble generation device 18, which 

25 generates hydrogen gas mlcrobubbles to be added to the • 
hydrocarbon fuel in the fuel tank 15a, In addition to the 
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mlcrobubble generation device (hereinafter referred to as the 
first mlcrobubble generation device In the second embodiment) 
16 that generates hydrogen gas mlcrobubbles to be added to 
the hydrocarbon fuel In the second fuel supply path 15d, as 
5 shown In Fig. 3* The second mlcrobubble generation device 18 
Is also driven under the control of the . electronic control 
unit 14 as Is the case with the first mlcrobubble generation 
device 16. 

The first and second mlcrobubble generation devices 16, 
10 18 may generate either mlcrobubbles or nanobubbles. 

In the second embodiment, the configuration of the 
hydrogen gas supply means 17 Is changed In order to supply 
hydrogen gas to the second mlcrobubble generation device 18 
as well. 

15 More specifically, a second hydrogen gas supply path 

17e and a second hydxx>gen gas flowmeter 17f are newly 
furnished as shown In Pig. 3. The second hydrogen gas supply 
path 17e branches off from the hydrogen gas supply path 
(hereinafter referred to as the first hydrogen gas supply 

20 path In the second embodiment) 17c between the hydrogen fuel 
pump 17b and hydrogen gas flowmeter (hereinafter referred to 
as the first hydrogen gas flowmeter In the second embodiment) 
17d, and directs the hydrogen gas from the first hydrogen gas 
supply path 17c to the second mlcrobubble generation device 

25 18. The second hydrogen gas flowmeter 17f detects the rate 
of a hydrogen gas flow In the second hydrogen gas supply path 
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17e. A detection signal that Is generated by the second 
hydrogen gas flowmeter 17f Is also fed to the electronic 
control unit 14. 

Further, the hydrogen gas supply means 17 according to 
5 the second embodiment Is provided with a flow path selector 
valve 17g, which Is positioned at a branch point between the 
first hydrogen gas supply path 17c and second hydrogen gas 
supply path 17e. The electronic control unit 14 controls the 
flow path selector valve 17g so that either the first 

10 mlcrobubble generation device 16 or second mlcrobubble 

generation device 18 mixes hydrogen gas mlcrobubbles Into the 
hydrocarbon fuel. 

In the second embodiment, which Is configured as 
described above, the electronic control unit 14 first sets 

15 the flow path selector valve 17g to the second mlcrobubble 

generation device position, drives the hydrogen fuel pump 17b 
In accordance with the amount of hydroceirbon fuel remaining 
In the fuel tank 15a while observing the value detected by 
the second hydrogen gas flowmeter 17f , and drives the second 

20 mlcrobubble generation, device 18 to which the hydrogen gas Is 
supplied accordingly. The electronic control unit 14 
observes the detection signal generated by remaining fuel 
detection means 15f , which Is shown In Fig. 3, to Judge the 
amount of remaining hydrocarbon fuel. 

25 In the above Instance, the hydrogen fuel pump 17b Is 

driven so that the maximum amount of hydrogen gas 
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mlcrobubbles that can be mixed Into the remaining amount of 
hydrocarbon fuel Is supplied to the fuel tank 15a. The 
controlled variable (driving force) for the hydrogen fuel 
pump 17b can be determined from prepared map data that 
5 defines the relationship between the amount of hydrocarbon 
fuel remaining in the fuel tank 15a and the mlxable hydrogen ' 
gas microbubble supply amount limit (that is, the controlled 
variable for the hydrogen fuel pump 17b) . Therefore, the 
electronic control unit 14 drives the hydrogen fuel pump 17b 

10 in accordance with the result obtained from the map data 

while observing the value detected by the second hydrogen gas 
flowmeter 17f . 

A large amount of hydrogen gas mlcrobubbles is then 
mixed into the hydrocarbon fuel in the fuel tank 15a. Mixing 

15 is conducted until the mcucimum mlxable amount is reached. 

A fuel mixture of the hydrocarbon fuel and hydrogen 
gas is drawn, pressurized to a predetermined level, and 
supplied to the second fuel supply path 15d by the fuel puiop 
15c. The fuel mixture is pressurized when it passes through 

20 the fuel puinp 15c so that an addltioneLL amount of hydrogen 
gas can be mixed into the fuel mixture. 

Therefore, the electronic control unit 14 sets the 
flow path selector valve 17g to the first microbubble 
generation device position and then determines the mavii^^^ 

25 mlxable amount of hydrogen gas that can be newly added to the 
fuel mixtuire in the second fuel supply path 15d. This 
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maximum mixable amount can be determined, based on the same 
consideration as the first embodiment, from map data that 
defines the relationship between the rate of a fuel mixture 
flow In the second fuel supply path 15d (or the controlled 
5 variable for the fuel pump 15c) and the mixable hydrogen gas 
mlcrobubble supply amount limit according to the flow rate 
(or the controlled variable for the fuel pump 15c) (that is, 
the controlled variable for the hydrogen fuel pump 17b) » 

The electronic control unit 14 exercises control not 

10 only to drive the hydrogen fuel pump 17b while observing the 
value detected by the first hydrogen gas flowmeter 17d so 
that the maximum mixable amount of hydrogen gas microbubbles 
is supplied to the second fuel supply path 15d, but also to 
drive the first mlcrobubble generation device 16. 

15 The hydrogen gas microbubbles generated by the first 

mlcrobubble generation device 16 are then supplied to the 
second fuel supply path 15d. Further, a large amount of 
hydrogen gas can be additionally mixed into a fuel mixture 
flow in the second fuel supply path 15d. 

20 As described above, the second embodiment can premix a 

larger amount of hydrogen gas into the hydrocarbon fuel than 
the first embodiment. Therefore, the second embodiment can 
improve the combustion efficiency to a higher level than the 
first embodiment, thereby further raising the lean limit. 

25 Consequently, the hydrogen-fueled internal combustion engine 
20 according to the second embodiment can reduce the fuel 
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consumption rate and NOx exhaust amount to lower levels than 
the first embodiment. 

As Is the case with the hydrogen -fueled Internal 
combustion engine according to the first embodiment, the 
5 hydrogen- fueled internal combustion engine 20 according to 
the second embodiment also obviates the necessity for the 
conventional fuel Injection device, fuel delivery pipe, and 
fuel supply path that are dedicated to hydrogen gas. The 
hydrogen- fueled dLntemal combustion engine 20 according to 

10 the second embodiment allows two types of fuel to share the 
fuel injection device 12, second fuel supply path 15d, and 
fuel delivery pipe 15e. As. a result, the second embodiment 
can also Improve the mountablllty of v€u:ious parts and reduce 
the production cost. 

15 The second embodiment can also be applied to a so- 

called Intra-cylinder direct injection internal combustion 
engine that directly Injects fuel from the fuel injection 
device 12 to the combustion chamber 2. 

The foregoing description of the second embodiment 

20 assumes that two microbubble generation devices (first and 

second microbubble generation devices 16, 18) supply hydrogen 
gas microbubbles to the second fuel supply path 15d and fuel 
tank 15a. However, the second embodiment may alternatively 
be configured so that one microbubble generation device can - 

25 supply hydrogen gas microbubbles to the second fuel supply 
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path 15d and fuel tank 15a. Another alteimatlve is to supply 
hydrogen gas mlorobubbles to the fuel tank 15a only. 

Thlird Embodiment 

5 A third embodiment of the hydrogen-fueled internal 

combustion engine according to the present invention will now 
be described with reference to Figs. 4 and 5. 

Fig. 4 illustrates the configuration of the hydrogen- 
fueled internal combustion engine according to the third 

10 embodiment will be described. The reference numeral 100 in 
Fig. 4 denotes the hydrogen-fueled internal combustion engine 
according to the third embodiment. The hydrogen -fueled 
internal combustion engine 100 according to the third 
embodiment includes an engine main body 102, which comprises 

15 a plurality of cylinders (although only one cylinder is shown 
in Fig. 4). The engine main body 102 has a piston 108 for 
each cylinder. The interior of each cylinder is provided 
with a combustion chamber 110, which repeatedly expands and 
contracts as the piston 108 moves up and down. The engine 

20 main body 102 is connected to an intake path 104 for 

supplying air to the combustion chamber 110 for each cylinder 
and an e^aust path 106 for discharging buimed gas out of the 
combustion chamber 110. The exhaust path 106 is provided 
with a catalyst (e.g., NQx catalyst) for purifying the burned 

25 gas. 
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In the engine main body 102, the Joint between the 
Intake path 104 and combustion chamber 110 Is provided with 
an Intake valve 112 « which controls the communication state 
between the Intake path 104 and combustion chamber 110. The 
5 joint between the exhaust path 106 and combustion chamber 110 
Is provided with an exhaust valve 114, which controls the 
communication state between the exhaust path 106 and 
combustion chamber 110. The combustion chamber 110 Is 
provided with a fuel Injection device (Intra- cylinder 

10 injector) 118, which directly Injects fuel Into the 

combustion 'Chamber 110, and an Ignition plug 116, which 
Ignites a fuel mixture In the combustion chamber 110. 

The fuel Injection device 118 Is connected to a fuel 
tank 30 via a fuel supply line 36. The fuel tank 30 stores 

15 gasoline, which Is a liquid hydrocarbon fuel. The liquid 
fuel in the fuel tank 30 is drawn by a fuel pump (high- 
pressure pump) 32, which is installed in the fuel supply line 
36, compressed to a predetermined pressure that is higher 
than the combustion gas pressure within the combustion 

20 chamber 110, and supplied to the intra-cylinder injector 118. 
The fuel pump 32 may be either a mechanicsil pump that is 
driven by the engine main body 102 or an electric punqp that 
is driven by a motor. The fuel supply line 36 is provided 
with a fuel pressure sensor 54 and a fuel temperature sensor 

25 56. The fuel pressure sensor 54 outputs a signal in 

accordance with the pressure of a liquid fuel flow in the 
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fuel supply line 36. The fuel temperature sensor 56 outputs 
a signal In accordance with the teniperature of a liquid fuel 
flow In the fuel supply line 36. 

A mlcrobubble generation device 52 Is positioned 
5 downstream of the fuel pump 32 in the fuel supply line 36 to 
mix the liquid fuel with another fuel (hydrogen gas). The 
mlcrobubble generation device 52 forms hydrogen gas 
microbubbles havdLng a diameter of not larger than several 
tens of micrometers cuid mixes them into the liquid fuel in 

10 the fuel supply line 36. Since the mlcrobubble generation 
device 52 fosnns the hydrogen gas microbubbles and mixes them 
into the liquid fuel, the hydrogen gas can be uniformed mixed 
into the liquid fuel. Further, the solution of hydrogen gas 
in the liquid fuel can be facilitated. The mlcrobubble 

15 generation device 52 may use any mlcrobubble generation 

method as far as it forms hydrogen gas microbubbles in the 
liquid fuel. Typical mlcrobubble generation methods have 
already been described in conjunction with the first 
embodiment. 

20 The hydrogen gas to be mixed into the liquid fuel by 

the mlcrobubble generation device 52 is supplied from a 
hydrogen generation device 50 via a hydrogen gas supply line 
46. The hydrogen generation device 50 can promptly generate 
hydrogen gas from a liquid hydrogen compound. For example, 

25 water, alcohol, gasoline, or light oil can be used as the 

liquid hydrogen compound. The third embodiment uses water as 
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the liquid hydrogen compound. Some typical hydrogen gas 
generation methods that the hydrogen generation device 50 may 
use sooB described below. 

The first hydrogen generation method Is to electrolyze 
5 water by applying counterelectromotlve force to a fuel cell. 

The second hydrogen generation method Is to decompose 
a liquid hydrogen compound with low- temperature plasma. More 
specifically, hydrogen gas can be generated by performing a 
direct -current pulse discharge In a liquid hydrogen compound. 

10 The third hydrogen generation method Is to reduce 

water with a highly active metal. For example, pure hydrogen 
gas can be generated when aluminum or aluminum alloy Is 
rubbed In delonlzed water to accelerate the corrosion 
reaction of water with the metal and decompose water 

15 molecules. Pure hydrogen gas can also be generated by 

supplying water to a magnesium hydride or magnesium hydride 
alloy. Further, pure hydrogen gas can be generated due to 
metallic Iron oxidation when water vapor is allowed to react 
with metallic Iron that Is obtained by reducing Iron oxide. 

20 When any of the above methods Is used, hydrogen gas 

can be promptly generated from water or other liquid hydrogen 
compound. Particularly, the use of the third method makes It 
possible to generate pure hydrogen gas only. Further, 
hydrogen gas can be generated at a relatively low temperature 

25 or at an ordinary teoQierature trtien any of the above methods 
Is used. Therefore, the use of the above methods Is 
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advantageous in that an Increased amount of hydrogen gas can 
be dissolved In the liquid fuel when the mlcrobubble 
generation device 52 mixes the hydrogen gas into the liquid 
fuel. 

5 When hydrogen gas is generated by the hydrogen 

generation device 50, the hydrogen gas can be stored in a 
liquid state. Then, it is easier to handle the hydrogen gas 
than when a pressure tank or the like is used to store the 
« hydrogen gas in a gaseous state. In addition, it is possible 

10 to achieve high mounting efficiency. In the third embodiment, 
the water used in the hydrogen generation device 50 for 
hydrogen g£is generation purposes is supplied from a water 
tank 40 via a water supply line 44. A water pump 42 is 
installed in the water supply line 44 to draw water from the 

15 water tank 40 and supply the water to the hydrogen generation 
device 50. 

The hydrogen-fueled internal combustion engine 100 
according to the third embodiment includes an electronic 
control unit (ECU) 60. The output end of the electronic 

20 control unit 60 is connected to the aforementioned ignition 
plug 116, fuel in:)ection device 118, fuel pump 32, water pump 
42, mlcrobubble generation device 52, hydrogen generation 
device 50, and various other devices. The input end of the 
electronic control unit 60 is connected to the aforementioned 

25 fuel pressure sensor 54 and fuel temperature sensor 56, an 
operating state measurement device 62 for acquiring the 
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Information (accelerator opening, vehicle velocity, engine 
speed, air- fuel ratio, water temperature, knock signal, etc.) 
about the operating state of the engine main body 102, and 
various other sensors. Upon receipt of outputs that are 
5 generated from the various sensors, the electronic control 
unit 60 controls various devices In accordance with a 
predetermined control program. 

When hydrogen gas needs to be added to the liquid fuel, 
the hydrogen -fueled Internal combustion engine 100 according 

10 to the third embodiment, which employs the system 

configuration described above, can promptly generatie hydrogen 
gas from water by operating the hydrogen generation device 50, 
form hydrogen gas mlcrobubbles , and mix the mlcrobubbles Into 
the liquid fuel. The routine shown In a flowchart In Fig. 5 

15 Is a hydrogen addition control routine that Is executed by 
the electronic control unit 60 according to the thlzrd 
embodiment. Hydrogen addition control according to the third 
embodiment will now be described with reference to the 
flowchart In Fig. 5. The routine shown In Fig. 5 Is 

20 periodically executed at a predetermined crank angle. 

In step STlOl, which Is the first step of the routine 
shown In Fig. 5, the operating state of the engine main body 
102, which Is measured by the operating state measurement 
device 62, Is noted to judge whether hydrogen addition 

25 execution conditions are established. The hydrogen addition 
execution conditions are established If, for Instance, the 
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engine main body 102 Is operated In an operating range during 
which knocking may occxir and operated In an operating range 
during which combustion variations may occur. If the 
hydrogen addition execution conditions are established, 
5 hydrogen gas Is added to the liquid fuel by performing steps 
ST102 to ST106. 

Step ST102 Is performed to measure the liquid fuel 
pressure In accordance with a signal output from the fuel 
pressure sensor 54 and the liquid fuel temperature In 

10 accordance with a signed, output from the fuel teinperature 
sensor 56. The liquid fuel pressure €uid temperature are 
associated with the amount of hydrogen gas that can be 
dissolved In the liquid fuel, that Is, the hydrogen 
saturation amount. The hydrogen saturation amount Increases 

15 with an Increase In the liquid fuel pressure and with a 
decrease In the liquid fuel temperature. 

In the next step (step ST103), a stored map Is noted 
to determine a required hydrogen addition ratio In accordance 
with the liquid fuel pressure and temperature and the 

20 operating state of the engine main body 102. The hydrogen 
addition ratio can be defined, for Instance, as the ratio of 
hydrogen gas heat veLLue to the total heat value of the fuel 
mixture of liquid fuel and hydrogen gas. The map defines an 
upper- limit value for the required hydrogen addition ratio In 

25 accordance with the* liquid fuel pressure and temperature.- 
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It is preferred that the upper- limit value for the 
required hydrogen addition ratio be not greater than the 
hydrogen addition ratio for the hydrogen saturation amount. 
When such an upper-limit value is used, the amount of 
5 hydrogen gas in the liquid fuel is adjusted so that it is not 
greater than the hydrogen saturation amount. Therefore, the 
added hydrogen gas does not separate from the liquid fuel. 
Even if the liquid fuel stays in the fuel supply line 36 for 
a long period of time, hydrogen gas separation does not occur 
10 to cause a problem. As a result, the system's robustness can 
be enhanced. 

However, the above upper-limit value CcUi be slightly 
greater than the hydrogen addition ratio for the hydrogen 
saturation amount. The reason is that when hydrogen gas 

15 microbubbles are formed, the hydrogen gas can uniformly exist 
in the liquid' fuel as microbubbles without being separated 
from the liquid fuel even if the hydrogen addition amount 
slightly exceeds the hydrogen saturation amount. * 

The next step (step ST104) is performed to determine 

20 the required hydrogen generation amount (required hydrogen 
gas generation amount) in accordance with the required 
. hydrogen addition ratio. More specifically, the required 
load on the engine main body 102 is determined in accordance 
with the accelerator opening, engine speed, and the like. 

25 The load carried by the hydrogen gas (hydrogen load) is -then 
determined from the required load and required hydrogen 
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addition ratio. Finally, the hydrogen gas amount appropriate 
for the hydrogen load is calculated as the required hydrogen 
generation amount in accordance, for instance, with the heat 
value per unit amount of hydrogen gas. 
5 In the next step (step ST105), the water pump 42 

operates so that an appropriate amount of water is supplied 
from the water tank 40 to the hydrogen generation device 50 
in accordance with the required hydrogen generation amount. 
The hydrogen generation device 50 then operates to perform a 

10 hydrogen generation process for generating hydrogen gas in 

accordance with the required hydrogen generation amount. The 
generated hydrogen gas is supplied from the hydrogen 
generation device 50 to the microbubble generation device 52. 
In the next step (step ST106), the microbubble 

15 generation device 52 forms hydrogen gas microbubbles . The 
resulting hydrogen gas microbubbles are then mixed into the 
liquid fuel. After being mixed with the hydrogen gas, the 
liquid fuel is supplied from the microbubble generation 
device 52 to the fuel injection device 118. The fuel 

20 injection device 118 injects the fuel mixture directly into 
the combustion chamber 110. 

Since the injected fuel contains hydrogen gas, which 
has excellent combustibility, knocking during a high- load 
operation and combustion variations during a low- load 

25 operation are inhibited. If the judgment result obtained in 
step STIOI does not indicate that the hydrogen addition 
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execution conditions are established, step ST107 Is performed 
to stop the hydrogen generation process In the hydrogen 
generation device 50. Subsequently, step ST108 Is performed 
to stop the mlcrobubble. generation process In the mlcrobubble 
5 generation device 52* 

The hydrogen addition control routine described above 
determines the hydrogen gas addition ratio while considering 
the liquid fuel pressure and temperature as well as the 
operating state of the engine main body 102. Therefore, an 

10 Increased amount of hydrogen gas can be mixed Into the liquid 
fuel at the current liquid fuel presstire and temperature 
without allowing the already added hydrogen gas to separate 
from the liquid fuel. Therefore, the hydrogen-fueled 
Internal combustion engine 100 according to the third 

15 embodiment can make the most of the effect of hydrogen gas 
addition without sacrificing accurate fuel Inflection control 
that Is exercised by the fuel Injection device 118. 

Further, since hydrogen gas Is generated as needed 
from water as described above. It Is not necessary to store 

20 the hydrogen gas in a gaseous state in which the hydrogen gas 
cannot easily be handled and the motmtlng efficiency is low. 
In addition, only the required amount of hydrogen gas is 
generated, and the generated hydrogen gas is entirely turned 
into microbubbles and mixed into the liquid fuel. Therefore, 

25 it is not necessary to furnish a buffer tank that adjusts the 
difference between the hydrogen gas generation amount and 
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supply amount. Consequently, the engine according to the 
third embodiment Is advantageous In that the system 
configuration can be simplified. 

In the third embodiment, the "hydrogen addition amount 
5 determination means" according to the fourth aspect of the 
present Invention Is Implemented when the electronic control 
unit 60 perf03nns steps ST102, ST103, and ST104. 

It Is assumed that the third embodiment determines the 
upper-limit value for the required hydrogen addition ratio In 

10 accordance with the liquid fuel pressure and temperature. 
Alternatively, however, the upper- limit value for the 
required hydrogen addition ratio may be determined In 
accord£uice with either the liquid fuel pressure or liquid 
fuel temperature. 

15 The configuration shown In Fig. 4 Includes the fuel 

Injection device (Intra-cyllnder Injector) 118, which Injects 
fuel directly Into the combustion chamber 110. Alternatively, 
however, a fuel Injection device (port Injector) for 
Injecting fuel Into the Intake port may be furnished. 

20 

Fourth Embodiment 

A fourth embodiment of the hydrogen -fueled Internal 
combustion engine according to the present Invention will now 
be described with reference to Figs. 6 and 7. 
25 Fig. 6 shows the configuration of the hydrogen- fueled 

Internal combustion engine according to the fourth embodiment. 
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The reference numeral 101 In Fig. 6 denotes the hydrogen- 
fueled Internal combustion engine according to the fourth 
embodiment. The hydrogen -fueled Internal combustion engine 
101 according to the fourth embodiment includes a 
5 pressure/temperature control device 58, which controls the 
pressure and temperature of a liquid fuel flow in the fuel 
supply line 36, in place of the fuel pressure sensor 54 and 
fuel temperature sensor 56 included in the hydrogen -fueled 
internal combustion engine 100 according to the third 

10 embodiment. In all other respects, the hydrogen-fueled 
internal combustion engine 101 according to the fourth 
embodiment has the same configuration as the hydrogen-fueled 
intemcLL combustion engine 100 according to the third 
embodiment. In Fig. 6, elements identical with those 

15 described in conjunction with the third embodiment are 
designated by the same reference numerals as their 
counterp£urts • 

The pressure/temperature control device 58 comprises a 
liquid fuel pressurization device and a liquid fuel cooling 
20 device. For example, a high-pressure pump may be used as the 
liquid fuel pressurization device. As the liquid fuel 
cooling device, a heat exchanger may be used. ^ 

The operation of the pressure/ temperature control 
device 58 is controlled by the electronic control unit 60. 
25 The hydrogen gas saturation amount (hydrogen saturation . 
amount) in the liquid fuel depends on the pressure and 
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temperature of the liquid fuel. Therefore, when the liquid 
fuel pressure and temperature are controlled by the 
pressure/ temperature control device 58, the hydrogen 
saturation amount can be Indirectly controlled. When the 
5 hydrogen saturation amount can be controlled. It Is possible 
to avoid the separation of added hydrogen gas from the liquid 
fuel and add an Increased amount of hydrogen gas to the 
liquid fuel. The routine shown In a flowchart In Fig. 7 Is a 
hydrogen addition control routine that Is executed by the 

10 electronic control unit 60 according to the fourth embodiment. 
Hydrogen addition control according to the fourth embodiment 
will now be described with reference to the flowchart In Fig. 
7. The routine shown In Fig. 7 Is periodically executed at a 
predetermined crank angle. 

15 In step ST201, which Is the first step of the routine 

shown in Fig. 7, the operating state of the engine main body 
102, which is measured by the operating state measurement 
device 62, is noted to judge whether hydrogen addition 
execution conditions are established. If the hydrogen 

20 addition execution conditions are established, hydrogen gas 
is added to the liquid fuel by perfozining steps ST202 to 
ST207. 

In the next step (step ST202), a stored map is noted 
to determine a reqpilred hydrogen addition ratio in accordance 
25 with the operating • state of the engine main body 102. In the 
next step ( step ST203 ) , a required hydrogen generation amount 
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Is determined in accordance with the required hydrogen 
addition ratio. 

In step ST204, the stored map is noted to determine 
required fuel pressure and temperature in accordance with the 
5 required hydrogen addition ratio. The map is organized so 
that the required fuel pressure Increases with an Increase in 
the required hydrogen addition ratio when the fuel 
temperature remains unchautiged. The map is also organized so 
that the reqpilred fuel temperature decreases with an increase 
10 in the required hydrogen addition ratio when the fuel 

pressure remains unchanged. The reason is that the hydrogen 
saturation amount increases with an increase in the liquid 
fuel pressure and with a decrease in the liquid fuel 
temperature . 

15 The required fuel pressure and temperature should be 

set so that the hydrogen saturation amount at the required 
fuel pressure and temperature is not smaller than the 
hydrogen saturation amount corresponding to the required 
hydrogen addition ratio. When the required fuel pressure and 

20 temperature are set in this manner, the amount of hydrogen 
gas in the. liquid fuel does not exceed the hydrogen 
saturation amount. Thus, it is possible to avoid the 
separation of added hydrogen gas from the liquid fuel. 

However, the required fuel pressure and temperature 

25 can be set so that -the amount of hydrogen gas in the liquid 
fuel slightly exceeds the hydrogen saturation amount. The 
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reason Is that when hydrogen gas mlcrobubbles are formed, the 
hydrogen gas can uniformly exist in the liquid fuel as 
mlcrobubbles without being separated from the liquid fuel 
even if the hydrogen addition amount slightly exceeds the 
5 hydrogen saturation amoimt. 

In the next step (step ST205), the water pump 42 and 
hydrogen generation device 50 operate to perform a hydrogen 
generation process in accordance with the required hydrogen 
generation amount. In step ST206, the pressure/ temperature 
10 control device 58 operates so that the pressure and 

temperature of a liquid fuel flow in the fuel supply line 36 
are adjusted for the required fuel pressure and temperature. 

In the next step (step ST207), the hydrogen gas 
generated by the hydrogen generation device 50 is forwarded 
15 to the microbubble generation device 52 so that hydrogen gas 
mlcrobubbles are generated. The generated hydrogen gas 
mlcrobubbles are then mixed into the liquid fuel whose 
pressure and temperature . are controlled by the 
pressure/ temperature control device 58. The resulting 
. 20 mixture of the hydrogen gas and liquid fuel is supplied from 
the microbubble generation device 52 to the fuel injection 
device 118, and directly injected into the combustion chamber 
110 from the fuel injection device 118. 

Since the injected fuel contains hydrogen gas, which 
25 has excellent combustibility, knocking during a high-load 
operation and combustion variations during a low- load 
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operation are Inhibited. If the judgment result obtained In 
step ST201 does not Indicate that the hydrogen addition 
execution conditions are established, step ST208 Is performed 
to stop the hydrogen generation process In the hydrogen 
5 generation device 50. Subsequently, step ST209 Is performed 
to stop the mlcrobubble generation process In the mlcrobubble 
generation device 52. Further, step ST210 Is performed to 
stop the liquid fuel pressure/temperature control process In 
the pressure/ temperature control device 58. 

10 The hydrogen addition control routine described above 

controls the liquid fuel pressure and temperature In 
accordance with the hydrogen gas addition ratio. Therefore, 
It Is possible to avoid the separation of added hydrogen gas 
from the liquid fuel after a required amount of hydrogen gas 

15 Is mixed Into the liquid fuel In accordance with the 

operating state of the engine main body 102. Consequently, 
the hydrogen-fueled Internal combustion engdlne 101 according 
to the fourth embodiment can make the most of the effect of 
hydrogen gas addition without sacrificing accurate fuel 

20 Injection control that Is exercised by the fuel Injection 
device 118. 

In the fourth embodiment, the "hydrogen addition 
amount determination mesms" according to the fifth aspect of 
the present Invention Is Implemented when the electronic 
25 control unit 60 performs steps ST202 and ST203. Further; the 
"control means" according to the fifth aspect of the present 



wo 2006/126341 



PCT/JP2006/307880 



51 

Invention Is Implemented when the electronic control unit 60 
performs steps ST204 and ST206. 

The fourth embodiment controls both the liquid fuel 
pressure and temperature In accordance with the required 
5 hydrogen addition ratio. Alternatively, however, either the 
liquid fuel pressure or liquid fuel temperature may be 
controlled In accordance with the required hydrogen addition 
ratio . 

The configuration shown In Fig. 6 Includes the fuel 
10 Injection device (Intra-cyllnder Injector) 118, which Injects 
fuel directly Into the combustion chamber 110. Alternatively, 
however, a fuel Injection device (port Injector) for 
Injecting fuel Into the Intake port may be furnished. 

While the present Invention has been described In 
15 terms of preferred embodiments. It should be understood that 
the present Invention Is not limited to those preferred 
• embodiments, and that variations may be made without 
depcLTture from the scope and spdLrlt of the Invention. For 
example, the hydrogen -fueled Internal combustion engines 
20 shown In Figs. 1, 3, 4, and 6 are configured as a gasoline 
engine, which uses gasoline as the fuel. However, the 
present Invention can also be applied to a dlesel engine, 
which uses light oil as the fuel. 
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Industrlail Applloablllt7 

As described above, the hydrogen- fueled Internal 
combustion engine according to the present Invention Is 
useful as an Internal combustion engine that burns 
hydrocarbon fuel and hydrogen gas as the fuel, and 
particularly suitable as a technology for supplying a large 
amount of hydrogen gas to the combustion chamber. 
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CLAIMS 

1. A hydrogen- fueled Internal combustion engine that 
uses liquid hydrocarbon fuel and hydrogen gas as fuel, 
5 comprising: 

a fuel Injection device for Injecting hydrocarbon 

fuel; 

fuel supply means for supplying hydrocarbon fuel to 
the fuel Injection device; and 
10 a mlcrobubble generation device for generating 

mlcrobubbles of hydrogen gas and mixing the generated 
mlcrobubbles of hydrogen gas Into liquid hydrocarbon fuel In 
the fuel supply means. 

15 2. The hydrogen-fueled Internal combustion engine 

according to claim 1, wherein the mlcrobubble generation 
device Is positioned so as to add mlcrobubbles of hydrogen 
gas to hydrocarbon fuel In a fuel supply path that 
constitutes the fuel supply means. 

20 

3. The hydrogen -fueled Internal combustion engine 
according to claim 1 or 2, wherein the mlcrobubble generation 
device is positioned so as to add mlcrobubbles of hydrogen 
gas to hydrocarbon fuel in a fuel tank that constitutes the 
25 fuel supply means, • 



wo 2006/126341 



54 



PCT/JP2006/307880 



4. The hydrogen-fueled internal combustion engine 
according to any one of claim 1, 2, or 3, further comprising 

hydrogen addition amount determination means for 
determining the amount of hydrogen gas to be mixed into 
5 hydrocarbon fuel by the microbubble generation device in 
accordance with the operating state of the internal 
combustion engine and the pressure and/or the temperature of 
hydrocarbon fuel. 

10 5. The hydrogen -fueled internal combustion engine 

according to any one of claim 1, 2, or 3, further comprising 

hydrogen addition amount determination means for 
determining the amount of hydrogen gas to be mixed into 
hydrocarbon fuel by the microbubble generation device in 

15 accordance with the operating state of the internal 
combustion engine; and 

control means for controlling the pressure £md/or the 
temperature of hydrocarbon fuel to be supplied to the fuel 
injection device by the fuel supply means in accordance with 

20 a hydrogen gas addition amount that is determined by the 
hydrogen addition amount determination means. 

6. The hydrogen-fueled internal combustion engine 
according to any one of claim 1, 2, 3, A, or 5, further 
25 comprising: 
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. hydrogen generation means for generatdLng hydrogen gas 
from a liquid hydrogen compound, 

wherein the hydrogen generation means generates only 
the amount of hydrogen gas to be mixed Into hydrocarbon fuel 
by the mlcrobubble generation device. 
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Fig.5 
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BASIC -ABSTRACT; 



NOVELTY - The engine has a fuel injection device for injecting 
hydrocarbon 

fuel, and a fuel supply unit (15) for supplying hydrocarbon fuel to 
thie fuel 

injection device. A microbubble generation device generates 
microbubbles of 

hydrogen gas and mixes the generated microbiibbles of hydrogen gas 

into liquid 

hydrocarbon fuel in the fuel supply unit. A control unit controls a 
throttle 
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valve actuator (11) to adjust a valve opening angle of a throttle 
valve , and 

controls a fuel injection device (12) . 

USE - Used for supplying hydrocarbon fuel and hydrogen gas to a 

combustion 

chamber . 

ADVANTAGE - The microbubble generation device mixes the generated 
microbubbles 

of hydrogen gas into the liquid hydrocarbon fuel in the fuel supply 
unit, thus 

improving the mixability of the fuel and the hydrogen gas, and hence 
increasing 

the combustion efficiency, besides enhancing the mountability of the 
engine at 

a reduced cost, and eliminating the requirement of additional parts. 

DESCRIPTION OF DRAWING (S) - The drawing shows a schematic 
representation of a 

hydrogen- fueled internal combustion engine. 
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Throttle valve actuator 11 

Fuel injection device 12 

Ignition plug 13 

Fuel supply unit 15 

Hydrogen gas supply unit 17 

KWIC 

Basic Abstract Text - ABTX (1) : 

NOVELTY - The engine has a fuel injection device for injecting 
hydrocarbon 

fuel, and a fuel supply unit (15) for supplying hydrocarbon fuel to 
the fuel 

injection device. A microbubble generation device generates 
microbubbles of 
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hydrogen gas and mixes the generated microbubbles of hydrogen gas 

into liquid 

hydrocarbon fuel in the fuel supply unit. A control unit controls 
throttle 

valve actuator (11) to adjust a valve opening angle of a throttle 
valve , and 

controls a fuel injection device (12) . 
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